Active mitochondria relocate during oocyte maturation or fertilization in several species. Detailed studies with hamster oocytes and early embryos reveal a pattern of active mitochondria migrating to surround the pronuclei to form a pattern that persists through the early cleavage stages. Although the functional significance of this relocation is unknown, it appears to be an important part of normal development in hamsters. Treatments that disrupt embryo development in vitro (such as the presence of inorganic phosphate or alteration of intracellular pH) also disrupt the normal pattern of mitochondrial distribution. Active mitochondria also reorganize during maturation in bovine oocytes and during fertilization in rhesus monkey oocytes. Examination of these changes in mitochondrial organization may provide insights into the regulation of normal embryo development and might serve as predictors of oocyte or embryo developmental competence.
Active mitochondria relocate during oocyte maturation or fertilization in several species. Detailed studies with hamster oocytes and early embryos reveal a pattern of active mitochondria migrating to surround the pronuclei to form a pattern that persists through the early cleavage stages. Although the functional significance of this relocation is unknown, it appears to be an important part of normal development in hamsters. Treatments that disrupt embryo development in vitro (such as the presence of inorganic phosphate or alteration of intracellular pH) also disrupt the normal pattern of mitochondrial distribution. Active mitochondria also reorganize during maturation in bovine oocytes and during fertilization in rhesus monkey oocytes. Examination of these changes in mitochondrial organization may provide insights into the regulation of normal embryo development and might serve as
Introduction
The role of mitochondria during fertilization and cleavage stages of embryo development is not fully understood. Mitochondria in oocytes and early embryos are structurally immature (Motta et al., 2000) . They are round or ovoid, with few cristae, and may be hooded or contain vacuoles. They gradually become more elongated, with an increase in transverse cristae, between the 4-and 16-cell stages (mouse: Hillman and Tasca, 1983; sheep: Calarco and McLaren, 1976; pig: Hyttel and Niemann, 1990; cattle: Plante and King, 1994) , although there may be a mix of more or less mature mitochondria at the 2-cell stage (baboon: Panigel et al., 1975) . Embryos of human and several other species generate copious amounts of lactic acid during culture in vitro (Wales et al., 1987; Gott et al, 1990 ; Thompson et al, 1991) consistent with findings that glucose oxidation is very low, perhaps 10% of total glucose utilization, which includes both glycolysis and oxidative phosphorylation activity (Wales et al, 1987; Thompson et al, 1991; Barnett et al, 1993) . These data might indicate that mitochondrial metabolic activity is low during early embryo development, or may instead reflect either restricted metabolism of glucose via glycolysis (Barbehenn et al, 1974; Wales et al, 1987) or competition for mitochondrial metabolism by other oxidizable substrates (glutamine, pyruvate) provided in the culture medium (Thompson et al, 1991) . For example, metabolism of glutamine and pyruvate is high during early development of cattle embryos in vitro while oxidation of glucose remains low (Rieger et al, 1992) . Thus, glycolytic activity resulting in lactate production may predominate during early embryo development, inefficient though this process is for ATP production compared with mitochondrial oxidative metabolism. The balance between glycolytic and oxidative metabolism may vary depending on several factors, including the species, the presence of other oxidizable substrates, and on the culture conditions used to support embryo development during metabolic measurements. These variables make it difficult to ascertain the true contribution of mitochondrial metabolism to normal embryo development (Barnett and Bavister, 1996a) .
Other observations indicate that mitochondria are indeed functionally important for early embryo development. Glucose and phosphate together block cleavage of hamster 8-cell embryos in vitro and also depress oxygen consumption, suggesting a functional relationship between oxidative phosphorylation and development (Seshagiri and Bavister, 1991) . It should be noted, however, that a similar effect of glucose and phosphate could not be demonstrated at the 2-cell stage (D.Barnett, unpublished data). Another line of 190 evidence suggesting a role for mitochondria (although not necessarily a metabolic role) in the earliest stages of embryo development comes from morphological observations. Redistribution of mitochondria has been described in oocytes and early embryos of several species (mouse: Van Blerkom and Runner, 1984; Muggleton-Harris and Brown, 1988; Calarco, 1995; hamster: Barnett et al, 1996; cow: Van Blerkom, 1990; Krisher and Bavister, 1997; pig: Luoh and Wu, 1996; primate: Noto et al, 1993; Squirrell et al, unpublished data; ) , although the timing and distribution differ among the species. Furthermore in a number of species, when development is compromised or inhibited, the distribution of mitochondria is often altered in comparison with developmentally competent oocytes or embryos (Muggleton-Harris and Brown, 1988; Hyttel and Niemann, 1990; Van Blerkom, 1990; Noto et al, 1993; Barnett and Bavister, 1996a,b; Luoh and Wu, 1996) .
Mitochondrial redistribution in fertilized rodent oocytes
Redistribution of mitochondria has been described in rodent oocytes undergoing fertilization (Van Blerkom and Runner, 1984; Muggleton-Harris and Brown, 1988; Barnett et al, 1996) . By the 2-cell stage in mouse and rat embryos, the mitochondria are generally distributed homogeneously throughout the cytoplasm (Batten et al, 1987; MuggletonHarris and Brown, 1988; Matsumoto et al, 1998) . However, the study by MuggletonHarris and Brown (1988) showed striking differences between strains: in the hybrid mouse strain C57BL/6XCBA/H, embryos of which are capable of developing in vitro, mitochondria became more dispersed in the cytoplasm as fertilization progressed, while in a so-called blocking inbred strain (MF1), the reverse occurred, with mitochondria clustering around the pronuclei (Muggleton-Harris and Brown, 1988). It was inferred by these authors that the clustering of mitochondria was related to the inability of embryos to develop in vitro. Our preliminary observations ( Figure 1A -C) do not support this hypothesis, because mitochondria in a so-called blocking outbred strain (CF1) were dispersed in the cytoplasm ( Figure 1A ), whereas in another 'nonblocking' strain there were significant accumulations of mitochondria around the nuclei ( Figure 1C ). Additionally, although the mitochondria are homogeneously distributed throughout the cytoplasm in 2-cell rat embryos ( Figure ID ), cytochrome oxidase activity is localized to the perinuclear region in developmentally competent embryos (Matsumoto et al., 1998) . This observation suggests that between species there could be subtle differences in the localization of mitochondrial function and that these differences might not be detected by observing the physical location of the mitochondria. Studies in our laboratory with hamster embryos also revealed a clustering of mitochondria early in development. However, unlike the above-mentioned mouse study (Muggleton-Harris and Brown, 1988) , our data show that it is part of normal development in hamsters, both in vivo and in vitro (Barnett and Bavister, 1996b; Barnett et al, 1996) . Confocal microscopy of hamster embryos labelled with fluorescent dyes that label active mitochondria (Rhodamine 123 or Mitotracker; Molecular Probes, OR, USA) revealed that shortly after activation (3 h post-oocyte activation by spermatozoa) the mitochondria are distributed homogeneously ( Figure IE) . About 6 h post-oocyte activation, the mitochondria become noticeably aggregated towards the centre of the oocyte. By the time the pronuclei are apposed just prior to syngamy, about 12 h post-oocyte activation, there is a dense clustering of mitochondria encircling the pronuclei ( Figure IF ). This clustering persists through the first mitotic division ( Figure 1G ) and at least until the4-cell stage. The observed clustering is a physical translocation of mitochondria, not merely a change in mitochondrial activity, because a similar pattern of distribution is seen in embryos labelled with nonyl acridine orange, a fluorescent dye that labels mitochondria regardless of their oxidative activity (Barnett et al., 1996) .
The relocation of mitochondria to the peripronuclear or perinuclear region is remarkably consistent in the hamster: in vivo, all embryos from all females examined exhibited this clustering at the same time during development (Barnett and Bavister, 1996b) . Other cytoplasmic components, including microtubules and microfilaments (Barnett et al., 1996) as well as the endoplasmic reticulum and Golgi apparatus (J.Squirrell, unpublished data), become distributed around the pronuclei and nuclei in a pattern similar to that of the mitochondria. Interestingly, cytoskeletondisrupting agents such as colchicine and cytochalasin did not disturb the perinuclear distribution of mitochondria once it was established. However, similar application of cytoskeletal disrupters prior to syngamy does disrupt the accumulation of mitochondria around the pronuclei (J. Squirrell et al., unpublished data) . These results clearly indicate that there is a difference between the establishment of the mitochondrial organization and its maintenance. The specific differences between these two events are as yet unclear, but could involve other cytoplasmic components, such as the filamentous sheets that are prevalent in mammalian oocytes and embryos (Gallicano et al, 1992) .
There are several reasons to believe that this clustering of mitochondria is a normal event important for embryo development, at least in the hamster. First, the oocytes or embryos were obtained by flushing from the reproductive tracts, during or after fertilization in vivo, and the staining time prior to examination by fluorescence microscopy of the living embryos was short, so the mitochondrial distribution observed is unlikely to be an artefact of handling in vitro (Barnett et al., 1996) . Indeed, mitochondrial clustering can be seen in living embryos by differential interference microscopy without staining, immediately upon collection of embryos from the reproductive tract (Barnett et al., 1996) .
Second, mitochondrial relocation occurs concomitantly with an enhanced ability of oocytes to develop in vitro. When hamster embryos were removed from the oviducts prior to the start of mitochondrial relocation, at ~3 h post-oocyte activation, <25% reached the blastocyst stage during culture in medium HECM-9 (Lane and Bavister, 1998) . Similarly, in-vitro fertilized (IVF) hamster ova showed very poor developmental potential in culture (medium HECM-3), with only -14% becoming morulae and blastocysts and <10% reaching the blastocyst stage (Barnett and Bavister, 1992) . In contrast, when oviductal embryos were collected following the initiation of mitochondrial clustering, -9-10 h postoocyte activation, >90% of the ova could develop into morulae and blastocysts in vitro and 65% reached the blastocyst stage (Lane and Bavister, 1998; McKiernan and Bavister, 2000) . A preliminary study suggests that 2-cell embryos from cultured IVF hamster oocytes exhibit a variety of mitochondrial organization from apparently normal to quite aberrant (Figure 2) , possibly reflecting the variation in developmental potential, although this has not been established.
Third, culture conditions that disturb mitochondrial relocation also perturb or block embryo development. For example, it is well known that inorganic phosphate, or glucose together with phosphate, can block develop- Figure 2 . Organization of mitochondria in 2-ceII hamster embryos developed from IVF oocytes. Confocal micrographs illustrating the range of patterns seen in mitochondrial organization of 2-ceII embryos developed from in-vivo matured, in-vitro fertilized hamster oocytes. (A) Mitochondria were sometimes organized in a perinuclear pattern, similar to that seen in 2-cell embryos developed in vivo (see Figure 1G ). (B) In other embryos the distribution pattern of mitochondria was dispersed. (C) In some embryos, the perinuclear pattern was poorly organized. Scale bar = 50 \im. In-vivo matured hamster oocytes were collected at 16 h post-HCG and fertilized in vitro (Bavister, 1989) . Presumptive zygotes were placed into culture (HECM-10; McKiernan et al., 2000) and allowed to develop for 24 h. At this time, 2-cell embryos were removed, stained with Mitotracker, fixed, and imaged as described in Figure 1 . ment of hamster 2-and 8-cell embryos in vitro (Schini and Bavister, 1988; Seshagiri and Bavister, 1989; Bavister, 1995; Barnett and Bavister, 1996b; Barnett et ah, 1997; Lane et ah, 1999a) and also disturb the orderly pattern of mitochondrial clustering around the nuclei of 2-cell embryos (Barnett et al., 1997) .
Although the mechanism by which phosphate blocks embryo development was obscure for many years, we have recently found that phosphate elevates intracellular pH (pHj) in cultured hamster embryos (Lane et al., 1999a) . It is worth noting that the period when the mitochondria are undergoing their relocation around the pronuclei is also the time when the Na + /H + antiporter is being activated (Lane et al., 1996b) . It seemed plausible that increased pHj might also disrupt mitochondrial clustering, thereby providing a possible mechanism for the action of phosphate on 2-cell hamster embryos. Accordingly, hamster 2-cell embryos were cultured in medium HECM-10 with either trimethylamide (TMA) or dimethyloxazolidine dione (DMO), which respectively alkalinize or acidify cytoplasm. Both of these treatments produced a marked decrease in development to the Figure 3 . Effect of altering intracellular pH on the distribution of mitochondria in 2-cell hamster embryos. The perinuclear organization of mitochondria is disrupted when the pH; is either (B) alkalinized by 20 mmol/1 trimethylamide or (C) acidified by 20 mmol/1 dimethyloxazolidine dione as compared with (A) control (standard medium HECM-10). Scale bar = 50 (im. Two-cell embryos were flushed from oviducts and cultured for 7 h in one of the three treatments. Embryos were labelled with Mitotracker, fixed, and imaged as described in Figure 1 . morula and blastocyst stages (J. Squirrell et al., unpublished data) . Furthermore, both treatments perturbed mitochondrial clustering in 2-cell embryos (Figure 3 ). These data indicate that altered pH ; , possibly caused by some anomaly of the culture environment, could result in severe disturbances of the normal mitochondrial clustering pattern, concomitant with or responsible for blocked embryo development. Perhaps less severe pHj changes, which may occur commonly in cultured embryos, cause milder degrees of perturbation of mitochondrial clustering that nevertheless compromise normal embryo development and viability. Furthermore, in mice there may be differences among various strains in the ability of embryos to regulate their pH; (Baltz et al., 1990; Gibb et al., 1997; Phillips and Baltz, 1999) , possibly underlying the differences in development and mitochondrial organization observed (Muggleton-Harris and Brown, 1988) . The process of organizational disruption caused by phosphate is probably quite complex and may involve concerted changes in several cellular parameters such as the cytoskeleton, ionic homeostasis, and metabolism.
Mitochondrial redistribution in oocytes of cattle and primates
While the remarkable relocation of mitochondria in rodent oocytes and embryos is well documented, the question arises: do similar changes occur in other species? The study of this phenomenon in embryos of domesticated animals and primates is of particular interest because of its potential relevance to commercial activities such as in-vitro production of human embryos for alleviating infertility. Ultrastructural studies of mature bovine oocytes indicate that the mitochondria are distributed throughout the cytoplasm, although they can be absent from the cortical region (Van Blerkom, 1990; Plante and King, 1994) . Using a similar technical approach to that described above with hamster embryos, we found that mitochondria in cattle germinal vesicle-stage oocytes are distributed mostly in the cortex (Krisher and Bavister, 1997) . However, mitochondria relocated during maturation, so that in mature (metaphase II) oocytes, two distinct patterns of mitochondrial distribution were observed. When oocytes were matured in culture medium containing glucose and amino acids, the mitochondria became located primarily in the centre of the oocyte: this pattern was associated with oocytes that were competent to form blastocysts following IVF. In contrast, in germinal vesicle-stage oocytes matured with glucose and lactate, a combination that leads to poor embryo development after IVF, mitochondria remained in the cortex of the oocyte. Thus, in cattle as in rodents, the distribution pattern and location of the mitochondria appears to correlate with developmental competence. For many years we have used rhesus monkeys because these animals are the most practical models for studying embryology in primates and it is believed that data from studies with these animals can be readily extrapolated to humans . Mitochondria in rhesus monkey oocytes also relocate to some extent during fertilization, but, unlike in hamsters, the oocytes are heterogeneous with respect to mitochondrial distribution patterns. In preliminary experiments, we have used multiphoton excitation imaging to examine distribution profiles of Mitotracker-labelled mitochondria in oocytes matured in vivo following exogenous gonadotrophin stimulation. Multiphoton microscopy makes use of infrared light, which does not impair mammalian embryo viability, unlike the damaging shorter wavelengths utilized by standard confocal microscopy (Squirrell et al., 1999) . With the use of infrared multiphoton microscopy it is possible to visualize the distribution of mitochondria in a single oocyte prior to and following sperm penetration, then examine its continued embryonic development. In some of the rhesus oocytes observed, the mitochondria were especially concentrated, or perhaps particularly active, within a narrow band located between the two pronuclei (Figure 4) . In other oocytes, the mitochondria appeared to be more or less homogeneously distributed in the cytoplasm. Although preliminary, our data indicate that the former pattern appears to be consistent with competence to develop following Oocytes were stained with Mitotracker (500 nmol/1) for 30 min, rinsed and inseminated. Presumptive zygotes were imaged live with two-photon laser scanning microscopy (Squirrell et al, 1999) . fertilization (J. Squirrell et al., unpublished data) . A similar accumulation of mitochondria was observed in polyspermic human embryos, but the significance of this observation has not been determined (Noto et al., 1993) . It will be interesting to examine mitochondrial distribution in human oocytes and embryos with multiphoton imaging technology for the prospects of developing new, non-invasive methods for selecting the most competent fertilized oocytes or embryos.
Functional significance of mitochondrial relocation
The functional importance of mitochondria relocation is unknown. Some possible but not very convincing explanations for the perinuclear clustering of mitochondria are as follows. Firstly, mitochondrial clustering may serve to supply energy directly and rapidly to the nucleus. This idea is predicated due to the very large size of the oocyte, i.e. the time needed for ATP to diffuse across the cytoplasm could be too slow to provide energy and nucleic acid precursors for key nuclear events such as DNA replication or transcription. The perinuclear mitochondrial organization in hamster embryos occurs just prior to the onset of zygotic transcription, which is detectable at the late 2-cell stage (Seshagiri et al., 1992) . However, treatment with phosphate to disrupt the organization of the mitochondria around the nuclei does not perturb the onset of zygotic transcription (M. Lane and D.Schramm, personal communication) . Secondly, the clustering of mitochondria around the nuclei might serve to reduce the oxygen concentration around the nucleus, thus playing a role in protection from oxygen radicals. This hypothesis would be difficult to test, and in some ways seems unlikely. For one reason, mitochondria are a potential source of oxygen radicals (Hockberger et aL, 1999) . For another reason, if the ring of mitochondria protects the nucleus from such damage, hamster embryos should be better equipped to cope with an environment, e.g. as in-vitro culture, in which the production of oxygen radicals may be a problem (NasrEsfahani et al., 1990) . In fact, the opposite is true and hamster embryos are particularly sensitive to culture conditions. Additionally, when mitochondrial organization is disrupted by culture in medium containing phosphate, we could detect no significant increase in the production of oxygen radicals ( Figure 5) . A third possibility is that maturation of mitochondria depends on input from the nucleus, so clustering could allow nuclear signals to reach the mitochondria more rapidly in preparation for the resumption of mitochondrial function in the embryo.
Although we are presently unable to explain the significance of the mitochondrial reloca- Figure 5 . Assessment of the production of reactive oxygen species in embryos cultured in the presence of phosphate. Two-photon laser scanning microscopy images of embryos labelled with 6-carboxy-2'7'-dichlorodihydrofluorescein di(acetyoxymethyl) ester (Molecular Probes) and cultured in either (A, B) HECM-IO or (C, D) HECM-10 + 0.35 mmol/1 phosphate. Images were collected at the beginning of culture (A, C) to determine baseline fluorescence. Embryos were returned to the incubator to continue culture for 7 h, at which point a second set of images (B, D) was taken to assess the increase in fluorescence of the dye expected to occur if reactive oxygen species were generated during the course of the culture. No increase in fluorescence intensity was detected. Hamster embryos were flushed from oviducts at 30 h post-oocyte activation, labelled with 6-carboxy-2'7'-dichlorodihydrofluorescein di(acetyoxymethyl) ester and imaged live as described (Squirrell et al., 1999). tion observed in several species, there must be some functionally important reason for it. This raises some fundamental questions, such as: why are patterns of mitochondrial relocation so different among different species, even among different strains of mice, and among different rodent species? Why do mitochondria relocate during oocyte maturation in cattle, for example, and during fertilization in hamsters and rhesus monkeys? Why does this relocation persist through cleavage stages of development in the hamster, whereas mitochondria disperse again after syngamy in the monkey?
Summary
In three widely different groups of mammals (rodents, cattle, and primates) the distribution of mitochondria changes during oocyte maturation or during fertilization. Certainly in hamsters, this relocation is normal and important for development, though we do not know its functional significance. In cattle, the major relocation of mitochondria occurs during oocyte maturation, and appears to correlate with the degree of developmental competence acquired by the oocyte. In at least one primate, the rhesus monkey, mitochondrial relocation occurs during fertilization, but not in all oocytes; the type and extent of this relocation could be important for subsequent embryo development and the appearance of the pattern might provide a useful indication of the developmental competence of the oocyte and embryo. Visualization of the mitochondrial distribution pattern by conventional differential interference microscopy in human oocytes, as in the hamster (Barnett et al, 1996) , might therefore be a practical, non-invasive way to select the most developmentally competent oocytes for IVF or embryos for transfer, maximizing the prospects for a successful pregnancy. Most exciting, perhaps, is the promise of a better understanding of the energetic and dynamic relationships between the nucleus and mitochondria that will most probably flow from additional studies on this striking mitochondrial phenomenon. Further investigations of the functional linkages between mitochondrial distribution, intracellular ion homeostasis and developmental competence, which we have demonstrated in the hamster (Barnett and Bavister, 1996b; Barnett et al, 1997; Lane and Bavister, 1998; Lane et al, 1999a; Squirrell et al, 1999 ) is likely to be rewarding for efforts to improve the viability of human embryos produced in vitro.
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